normal levels by approximately 6 months postoperatively. Nevertheless, it has also been reported 4, 22, 30, 31 that a few patients experienced motor and/or sensory deficits in the donor limbs at 1.5 to 3 years postoperatively.
In 2012, Sammer et al. 27 reported on 1 patient who sustained permanent motor deficits on the donor side. Donorside morbidity associated with this technique remains controversial, but few comprehensive evaluations of nerve injury from CC7 nerve transfer have been performed that included both subjective and objective examinations. 10 Therefore, the aim of this study was to evaluate the functional loss in the donor limb caused by resection of the C-7 nerve through both subjective and objective scoring.
methods
This study was an assessment of motor and sensory function in the donor-side upper extremity of patients with posttraumatic brachial plexus injuries who had undergone CC7 nerve transfer at least 6 months previously as well as similarly injured patients who had not yet undergone nerve transfer. The study was approved by the institutional review board of the First Affiliated Hospital of Sun Yatsen University.
participants
Written informed consent was obtained from all participants prior to their participation in the study.
From May 2008 to December 2013, 123 patients underwent CC7 nerve transfer via the prespinal route for treatment of posttraumatic brachial plexus injuries at our institution. Eighty-one of these patients were treated between May 2008 and October 2012, and 42 were treated between November 2012 and December 2013. Patients were excluded from the study if they 1) had an associated injury in the contralateral limb, 2) had a combined injury of the spinal cord, 3) were less than 18 years old, 4) presented with peripheral neuropathy, or 5) refused to participate. In addition, 3 patients who underwent surgery between May 2008 and October 2012 had obvious motor weakness and were excluded from the group analyses and evaluated separately.
A total of 63 patients (60 males and 3 females, average age, 31.8 years) were included in the study. Patients who received CC7 nerve transfer surgery from May 2008 to October 2012 were divided into 2 postoperative evaluation groups (Groups 1 and 2) based on the amount of time that had elapsed since CC7 nerve transfer surgery (duration of follow-up). For patients in Group 1 (n = 21), the duration of follow-up ranged from 6 months to 2 years, whereas patients in Group 2 (n = 20) all had more than 2 years of follow-up. Since many authors 4, 14, 22, 27, 30, 32, 38 have reported restoration of normal function in the donor limb within 6 months after CC7 nerve transfer surgery, only patients who had undergone surgery at least 6 months previously were included in the postoperative evaluation groups. Two years after surgery was regarded as the demarcation point between Group 1 and Group 2, because recovery of motor function is scarcely possible after this time point due to muscle fibrosis.
14 Group 3 (n = 22), the control group, was composed of patients who underwent CC7 nerve transfer surgery for the treatment of posttraumatic brachial plexus injuries between November 2012 and December 2013. The results of their preoperative assessment were used for the present study. This control group was selected instead of using healthy volunteers because of possible differences between the contralateral limb function of patients with unilateral brachial plexus injury and individuals without such injury. 29 In addition, 3 patients who had undergone CC7 nerve transfer surgery and suffered from obvious postoperative motor weakness were evaluated separately, as stated above. These 3 patients were not included in the study groups, because their abnormalities could cause outliers in each of the investigated parameters and thus influence the results of our statistical analysis.
surgical technique
All of the procedures were performed by the senior author (L.Q.G.). The patient was placed in the supine position with a sandbag under the interscapular region. The injured brachial plexus was explored through a supraclavicular transverse incision to confirm root avulsion. On the contralateral side, a similar incision was made. The contralateral C-7 nerve was identified by surgical exploration and electrical stimulation, and transected at the distal end of the divisions. Before dividing the C-7 nerve, a small amount of 2% lidocaine was injected via the epineurial route to protect the proximal neurons. After making a tunnel posterior to the scalenus anterior muscle, a retroesophageal space was created by blunt dissection. Then, the contralateral C-7 nerve was passed to the injured side and coapted to the recipient nerve by means of direct neurorrhaphy or nerve grafting. The patient was required to wear a head-shoulder spica cast for 6 weeks after the operation to prevent rupture of the nerve suture. No special treatment was given to the donor limb after surgery.
testing protocol
Once the patient was deemed appropriate for inclusion in the study, 3 types of subjective assessments, 3 objective sensory examinations, and quantitative muscle strength and dexterity testing were performed to evaluate the functional loss in the donor limb. All tests were performed by 2 trained physicians. One physician was responsible for subjective assessments, and the other for objective examinations.
subjective assessment
The revised Short-Form McGill Pain Questionnaire (SF-MPQ-2) was used to assess the qualities of pain. 9, 24 Each descriptor had a 0-10 numerical rating scale (0 = "no pain"; 10 = "pain as bad as you can imagine"). Predominantly neuropathic pain descriptors (6 items) included "hot-burning pain," "cold-freezing pain," "pain caused by light touch," "itching," "tingling," and "numbness." Good validity and reliability have been shown for the SF-MPQ-2. 9 Two other subjective assessments included the Michigan Hand Outcomes Questionnaire (MHQ), and modified American Shoulder and Elbow Surgeons ques-tionnaire (M-ASES). The MHQ was designed as a general survey of hand function and includes 25 items for the right and the left hand, as well as questions pertaining to both hands. 6 The M-ASES is considered an excellent tool for measuring whole upper-extremity dysfunction.
sensory assessment
Objective sensory assessments included object recognition, Semmes-Weinstein monofilament (SWM) examination, and static 2-point discrimination (s2PD). Six common objects (a key, a paper clip, a teaspoon, a short pencil, a button, and a coin) were chosen for the object recognition test. 17 One point was awarded for any object recognized correctly. According to the method described by Rosen et al., 26 the sum of SWM and s2PD scores from 6 critical sites on the donor-side hand ( Fig. 1 ) were recorded.
motor assessment
Quantitative testing of muscle strength was performed using an isometric dynamometer (microFET2, Hoggan Health Industries Inc.). Motor evaluation focused on the muscles associated with C-7 innervation including the triceps, extensor digitorum communis, flexor carpi radialis, flexor carpi ulnaris, extensor carpi radialis, and extensor carpi ulnaris 20 The biceps was used as a reference for motor assessment. We did not measure the strength of other muscles such as the latissimus dorsi due to the significant effect of synergistic muscles. Subject position, placement of the dynamometer, and location of stabilization were carried out, as described by Kendall and Kendall.
16 Three trials were performed for each muscle, with rest periods of 15 seconds between trials, and a mean value was recorded. Grip strength was measured using a Jamar dynamometer (Sammons Preston) and pinch strength using a pinch gauge (Sammons Preston). The Purdue Pegboard Test (Model 32020, Lafayette Instrument Company) was used as a test of fine dexterity. 37 These tests were also repeated 3 times to obtain an average for each patient.
statistical analysis
The 3 groups were independent (no patient was included in more than 1 group). The significance level (i.e., alpha) of 0.05 was applied to each test in this study. Since there were 3 consistent groups for every variable, a 1-way ANOVA was used to test differences for continuous variables and a chi-square test for categorical variables. The mean and standard deviation were reported for continuous variables; counts and proportion (%) were reported for categorical variables.
In addition to the above analysis, all patients in Groups 1 and 2 were reassigned to either a normal (SF-MPQ-2 = 0) or an abnormal (SF-MPQ-2 > 0) group using the SF-MPQ-2 criteria. Variables were compared by independent-samples t-test and chi-square test.
results patient characteristics
The characteristics of the patients in the 3 groups are shown in Table 1 . The mean follow-up time was 10.2 ± 3.8 months for Group 1 versus 37.2 ± 9.7 months for Group 2 (p < 0.001). No significant differences were found between the 3 groups regarding the other variables, including age, sex, and body mass index (BMI).
subjective assessment
Of the 3 types of subjective assessments used in this study, only the SF-MPQ-2 showed significant differences between groups (p < 0.001, Table 2 ). The average SF-MPQ-2 scores for Groups 1, 2, and 3 were 2.6 ± 2.5, 1.9 ± 2.6, and 0, respectively. Further post hoc analysis (Dunn's test) showed that the mean SF-MPQ-2 score for Group 3 was significantly lower compared than the mean scores for Groups 1 and 2 (p < 0.001 and p = 0.008, respectively).
In the SF-MPQ-2 assessment, neuropathic pain symptoms were most commonly reported in the index finger, middle finger, and thumb; they were occasionally reported in the ring finger and along the radial side of the dorsal hand. Sensory changes gradually became limited to the distal pulp of the index finger as recovery time increased.
Fifteen (71%) of the 21 patients in Group 1 and 10 (50%) of the 20 patients in Group 2 had abnormal SF-MPQ-2 scores. Items involved in the scoring included "numbness," "tingling," and "pain caused by light touch." Any given patient could report 1 or more symptoms. The percentage of patients from Group 1 who reported "numbness" in their fingers was slightly higher (43%) than in Group 2 (30%). Fewer patients in either Group 1 or Group 2 complained of "tingling" or "pain caused by light touch" in their fingers.
Based on their SF-MPQ-2 scores, patients in Groups 1 and 2 were reassigned into normal and abnormal groups, and variables were compared ( Table 3 ). The interval from injury to surgery for the group with normal results on the SF-MPQ-2 (2.4 ± 1.1 months) was significantly less than the interval for the group with abnormal results (4.6 ± 2.9 months, p = 0.002). No significant differences were found regarding the other variables.
sensory assessment
As can be seen in Table 4 , the object recognition scores were identical for all 3 groups. In addition, there were no significant differences in SWM and s2PD scores.
motor assessment
Quantitative muscle strength testing of specific muscles revealed no significant differences among the 3 groups (Table 4) . In grip and pinch strength tests, tip pinch strength was the only test that showed a significant difference (p = 0.004, Table 4 ). The mean scores for tip pinch strength in Groups 1, 2, and 3 were 12.01 ± 2.78 lbs, 14.97 ± 2.87 lbs, and 13.77 ± 2.64 lbs, respectively. Post hoc analysis (t-test with Bonferroni correction), showed no significant differences between Group 3 and the other 2 groups (p = 0.122 and p = 0.497, respectively), while the mean score for Group 2 was significantly higher than that of Group 1 (p = 0.003). The average scores from the Purdue Pegboard Test were 14.79 ± 2.53, 15.32 ± 1.69, and 15.39 ± 1.75 for Groups 1, 2, and 3, respectively (p = 0.587).
evaluation of 3 patients with obvious motor weakness
Of the 123 patients, 3 patients suffered from obvious motor weakness. Postoperative motor weakness manifested as significant decreases in the extensor digitorum communis and triceps muscle strength (M2, as measured on the Medical Research Council's ascending scale of muscle strength: Grades M0-M5), although there was a trend of continuous improvement in motor function with increased length of follow-up.
The first of these 3 patients (Case 1) was followed up for 10 months. The strength in the extensor digitorum communis and triceps was M3 and M4, respectively. The second patient (Case 2) was followed up for 15 months. The strength in the extensor digitorum communis and triceps was M3 and M4, respectively. The third patient (Case 3) was followed up for 25 months. At the 9-month follow-up evaluation, the strength in his extensor digitorum communis and triceps was M2 and M4, respectively. At 25 months after surgery, no motor or sensory dysfunction was noted in the healthy limb. The strength in the extensor digitorum communis and triceps was M4, and he was able to lift a 7.5-kg dumbbell with the donor limb (Fig. 2) . During the early postoperative period, the patient's subjective assessment regarding his healthy limb function was "ex- tremely dissatisfied," but this assessment improved to "basically satisfied" by 25 months after the operation.
discussion
Donor-site morbidity of CC7 nerve transfer remains controversial as surgeons are concerned with the possibility of creating a new deficit with sacrifice of the donor nerve. We assessed the functional loss in the donor limb using both subjective assessments and objective examinations. The SF-MPQ-2 test was the only subjective test that showed a significant difference between Group 3 and all other groups, while no significant differences were found in objective sensory, motor, or dexterity outcomes between Group 3 and the other groups.
Regarding the SF-MPQ-2 assessment, many patients still complained of sensory abnormalities 6 months postoperatively, which differed from the results of other studies. 4, 14, 27, 30, 31, 32, 35 One of the possible reasons for this discrepancy was a difference in technique between studies; some authors performed hemi-CC7 nerve transfer to reduce donor-side morbidity. 27, 30, 32 Another reason may be related to the use of a verbal patient response to assess symptoms of the donor limb, which may have underestimated the extent of nerve damage. Collins et al. 7 evaluated patients after upper-extremity nerve injury, with 76% reporting cold intolerance, and most of these patients continued to have symptoms 5 years after injury.
In the present study, the mean interval from injury to surgery for the patients with normal SF-MPQ-2 scores in Groups 1 and 2 was significantly less than the corresponding interval in patients with abnormal scores (2.4 ± 1.1 months vs 4.6 ± 2.9 months, p = 0.002). This finding suggested that the shorter the preoperative delay time, the better the recovery of sensory function in the donor limb, similar to the findings of Ali et al. 1 The reason for this improved recovery may be related to cross-transfer effects.
Previous studies have shown that unilateral peripheral nerve lesions can affect contralateral nonlesioned neurons, and the magnitude of abnormalities due to cross-transfer effects follows a specific time sequence. 15, 28, 29 Therefore, earlier repair of nerve lesions in the injured limb could reduce the deleterious effects on the nerve of the donor limb. However, our observations implied that sensory function was more susceptible to influence than motor function in this study. One explanation is that synergistic muscle activity from distant sites may compensate for deficits in motor function, while the sensory function does not have such a compensatory mechanism.
In the present study, objective sensory tests (such as the SWM examination) showed no significant differences among the 3 groups; this was inconsistent with results from the SF-MPQ-2. This finding may be related to the limitations of the sensory tests. The monofilament examination only evaluated the function of large myelinated nerve fibers, 34 whereas the s2PD was not sensitive in detecting mild sensory loss. 25 In this study, however, the abnormal SF-MPQ-2 scores were relatively low, and the MHG and M-ASES scores also failed to show significance, indicating that the residual sensory abnormalities had little significant effect on donor limb function.
Transecting the nerve root affords the opportunity to study the C-7 dermatome. After the C-7 nerve transection, patients experienced "numbness," "tingling," and other symptoms in the fingers of the donor limb. With prolonged recovery time, sensory changes were gradually limited to the distal pulp of the index finger. Gu 12 found that the area of skin innervated by C-7 was centered on the index finger together with the thumb and middle fingers. Therefore, the key dermatome of C-7 should be the distal pulp of the index finger, rather than the proximal dorsal skin of the middle finger.
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In the quantitative motor assessments, there were no significant differences between Group 3 and the other 2 groups, suggesting that the motor function and dexterity of the donor limb can recover to normal levels after CC7 nerve transfer. This finding was similar to results obtained by Chuang and colleagues. 4, 5 In the tip pinch test, patients in Group 2 showed significantly more strength than those in Group 1, which was related to greater use of the hand on the donor side in patients with brachial plexus injury.
Although most patients obtained an excellent functional recovery in the donor limb after resection of the C-7 nerve, the motor weakness that occurred in a few patients still represents a controversial issue. In this study, 3 patients experienced obvious motor weakness, mainly related to the dysfunction of finger and elbow extension. According to the literature, other muscles could also be involved, including the flexor digitorum muscles, intrinsic hand muscles, and thenar eminence. 27 Wang et al. 35 felt that loss of function of the extensor digitorum communis was caused by iatrogenic injury to the posterior division of the lower trunk during the process of dissecting the posterior division of the contralateral C-7 nerve. Another reason may be secondary to the "prefixed" brachial plexus anatomical variation, because the lower trunk contributes significantly to innervation of those muscles associated with motor weakness. 2, 18, 21, 39 We also observed, however, that patients with motor weakness obtained satisfactory functional recovery with increased follow-up time, which was consistent with the findings of other researchers. 4, 30, 35 Functional deficits caused by nerve injuries can be compensated for by 3 neural mechanisms: reinnervation of denervated targets by regeneration of injured axons, reinnervation by collateral branching of undamaged axons, and remodeling of nervous system circuitry related to the lost function. Thus, some authors have suggested that a long follow-up period is necessary to determine whether adequate function has been recovered. 13, 33 In the study by Sammer et al., 27 it was not appropriate to report that the patient sustained "permanent" motor deficits on the donor side on the basis of follow-up evaluation performed 10 months postoperatively.
For patients with severe total brachial plexus avulsion injuries, especially patients with a combination injury involving other donor nerves, CC7 nerve transfer may be the only choice to treat nerve injuries. For patients with upper and middle trunk avulsion, various intraplexus and extraplexus nerve transfers have been used. However, a single † Scores for object recognition represent the number of objects recognized (out of 6 objects). Because all patients received 6 points (normal score) in object recognition assessment, no statistical analysis was performed on these scores.
C-7 nerve carries vast nerve fibers that exceed the total number present in the frequently used donor nerves such as accessory, phrenic, and intercostal nerves. Therefore, it is reasonable to use C-7 to neurotize more than 1 recipient nerve. 3 Based on this consideration, we performed CC7 surgery in a small number of patients with upper and middle trunk avulsion, hoping to get the results from multiple nerve transfers through a single CC7 surgery. Zhang and Gu felt that the double contralateral C-7 nerve transfer should only be used with caution in highly selected cases and that the 2 recipient nerves should innervate muscles with synergistic rather than antagonistic functions.
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Our study had several limitations. First, the study design of the study made it potentially subject to systematic error and bias. However, no statistically significant difference was found between the 3 groups with respect to characteristics such as age, sex, and BMI, supporting the comparability of the 3 groups of patients. Second, only about one-half of the patients who underwent CC7 transfer at our institution were evaluated because of the long time required for recovery after brachial plexus injury and reconstruction. In addition, we used a handheld dynamometer to grade motor function in this study. Although handheld dynamometers are used more often in clinical practice, isokinetic dynamometers afford a more precise method of grading motor function.
conclusions
Although some patients suffered from mild long-term sensory disturbances, resection of the C-7 nerve had little effect on donor limb function. Shortening preoperative delay time can improve sensory recovery of the donor limb. 
